The activities of dCMP deaminase and DNA polymerase I increased twofold and fivefold in BHK-21/C13 cells after infection by the virus of herpes simplex. The increases were greatly diminished, and under certain conditions prevented, by inclusion of actinomycin D or cycloheximide in the cell-virus system during the infective cycle. The dCMP deaminase purified from infected cells harvested 8 h after infection differed from the deaminase purified from non-infected cells inasmuch as (a) it was more resistant to heating at 37°C; (b) the substrate (dCMP) concentration at half-maximum velocity was lower; (c) maximum activation was achieved by a lower concentration of dCTP; (d) it was more resistant to inhibition by dTTP; and (e) it behaved differently when assayed in the presence of a herpes-virus-specific antiserum. The DNA polymerase activity in the infected cells was markedly decreased in the presence of the herpes-virus-specific antiserum.
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Herpes simplex virus type I belongs to the second largest size-class of animal DNA-viruses. Its double-stranded DNA has a molecular weight of 82x 106 (Wagner et al., 1974) , allowing a theoretical coding potential of about 90 proteins of molecular weight about 50000 each. The structural proteins of the virus particle cannot account for all of this coding potential (Keir, 1968; Watson & Wildy, 1969; Sim & Watson, 1973) , which suggests the existence of a considerable number of non-structural virus-coded proteins . Some of these have been identified as enzymes (Keir, 1968) , the existence of which was indicated initially by increases in their activities after infection to values beyond those of the corresponding enzymes found in the normal, uninfected cell. We shall term this phenomenon 'induction', using it in its broadest sense to indicate a change occurring after virus infection without necessarily ascribing the change directly to the viral genome.
For herpes simplex virus, the viral-induced enzymes include DNA polymerase (Keir et al., 1966a,b) , a deoxyribonuclease (Morrison & Keir, 1968) , deoxycytidine kinase (Perera & Morrison, 1970) and thymidine kinase (Klemperer et al., 1967) .
The DNA polymerase has been studied extensively, and it has been found that induction of it occurs between 2 and 3h after infection (Keir & Gold, 1963) . It differs from the host-cell DNA polymerases in a number of properties (Keir et al., 1966a,b) and the induction is prevented by actinomycin D or puromycin (Keir, 1968) , indicating that the process is dependent on prior transcription and translation. Immunological evidence indicates that the induced polymerase is antigenically different from the control cell enzyme (Keir etal., 1966b) . This provides fairly strong evidence that the induced enzyme is distinct from that of the host cell, and the indications are that this is also the case for the other enzymes mentioned above (Klemperer etal., 1967; Morrison & Keir, 1968; Buchan & Watson, 1969; Buchan et al., 1970a,b; Perera, 1970) .
Deoxycytidine kinase and thymidine kinase are enzymes involved in salvage pathways leading to the synthesis of mononucleotide precursors of DNA, namely dCTP and dTTP. dCMP deaminase is involved in the main pathway leading to the synthesis of dTTP.
The deaminase from BHK-21/C13 (baby-hamster kidney) cells grown in culture has been characterized and its likely role in provision of precursors for DNA synthesis discussed (Rolton & Keir, 1974) . In the present paper we describe the properties of the enzyme purified from virus-infected cells. (Morrison & Keir, 1968) .
Experimental

Methods
Cell culture. BHK-21/C13 cells were grown as described by Rolton & Keir (1974 Preparation ofcell extracts for enzyme purification. Cells were disrupted and extracted as described by Rolton & Keir (1974) except that homogenization was carried out with Brij 35 (0.5%, w/v) in the buffer to ensure efficient cell breakage. The detergent did not affect the ensuing enzyme assays. The deaminase was purified by centrifugation, precipitation by (NH4)2SO4, gel filtration and column chromatography on DEAE-cellulose (Rolton & Keir, 1974) . No significant differences were observed in the behaviour of the enzymes from infected and mock-infected cells during purification.
Experiments with antisera. The herpes-specific antiserum was prepared by the method of Watson et al. (1966) . Pre-immune serum was obtained from the same rabbit. Before use, sera were dialysed for 16h at 4°C against 10mM-potassium phosphate buffer (pH 8. 0}-5mM-mercaptoethanol-20 % (v/v) ethylene glycol. They were then heated for 30min at 560C.
In the enzyme tests, the sera were incubated for 10min at 37'C with the dCMP deaminase preparations, or with the DNA polymerase preparations (Keir et al., 1966b) . After this preliminary incubation the samples were assayed for dCMP deaminase or DNA polymerase.
Otherprocedures. dCMP deaminase (deoxycytidylate aminohydrolase, EC 3.5.4.12) was assayed by measurement of the conversion of [5-3H]dCMP into [5-3H]dUMP as described by Rolton & Keir (1974) .
DNA polymerase (DNA nucleotidyltransferase, EC 2.7.7.7) was assayed by measurement of the incorporation of [8-3H] dAMP residues from [8-3H]dATP into polydeoxyribonucleotide in the presence of dCTP, dGTP, dTTP and DNA template (Keir et al., 1966b) . Protein was determined as described by Miller (1959) .
Results
Virus growth, enzyme induction and inhibitor studies Satisfactory virus growth curves were obtained as a routine by using cells maintained for 5 days in medium containing a low concentration of calf serum; however, the yield of infective virus was decreased by about tenfold relative to the situation in exponentially growing cells (Russell et al., 1964) . The presence of actinomycin D (0.5,ug/ml of medium) from 0 to 2h and 0 to 8h after infection lowered the virus yield by 85% and over 99% respectively; cycloheximide (5,ug/ml) present over the same periods gave decreases of greater than 99% in both cases.
It has been established (Keir et al., 1966b ) that the DNA polymerase induced by infection with herpes virus is optimally active in the presence of l00mM-(NH44)2S04; at this concentration of salt the host-cell polymerase, corresponding to DNA polymerase I with sedimentation coefficient 6-8 S , is completely inactive. This allows assay of the virus-induced polymerase in the presence of the host enzyme without any contribution to polymerase activity by the latter. Thus induction of the virus-specific enzyme was revealed clearly (Fig. la) ; the polymerase activity rose to a maximum at 6h after infection, and declined thereafter. The apparent decline is attributable to leakage ofenzyme from the dying cells (D. S. Paterson & H. M. Keir, unpublished work) . The induction was markedly decreased by inclusion of actinomycin D (Fig. lb) or cycloheximide (Fig. Ic) in the medium during infection. When this type of experiment was performed under polymerase assay conditions optimal for the host DNA polymerase I, the induction effect ( Fig. la) effects exerted by actinomycin D (Fig. lb) and cycloheximide ( Fig. Ic) were still evident but much less marked. These experiments established that the cell-virus system was functioning satisfactorily with respect to the early events of the virus growth-cycle, and that it was suitable for examination of induction of dCMP deaminase, even although the latter cannot, unlike the virus-specific DNA polymerase, be assayed under conditions that eliminate contribution to the assay from the pre-existing enzyme of the host cell. The activity of dCMP deaminase in non-infected exponentially growing BHK-21/C13 cells is high but can be decreased substantially by placing the cells for several days in a medium containing low concenVol. 143 trations of calf serum (Rolton & Keir, 1974) . Infection of these resting cells by herpes virus revealed an increase of dCMP deaminase activity that was not detectable in mock-infected cells (Fig. 2) . A twofold increase was observed 8h after infection relative to the 8h control value (Fig. 2a) , declining somewhat thereafter, presumably because of leakage of enzyme from the dying cells, as with DNA polymerase (Fig. la) . The induction effect was inhibited by actinomycin D (Fig. 2b) or cycloheximide (Fig. 2c) ; neither drug decreased the amount of deaminase activity in the mock-infected cells.
When the infected-cell and the mock-infectedcell enzyme preparations were mixed in different proportions, and assayed for dCMP deaminase (c) = y activity, the values obtained were always additive. It seems reasonable to conclude therefore that there is no excess of either an inhibitor or an activator of dCMP deaminase in these preparations.
Experiments with herpes-specific antiserum The herpes-specific antiserum was checked for its ability to inhibit the activity of the virus-induced DNA polymerase. The first set of experiments confirmed those described by Keir et al. (1966b) and demonstrated that the batch of antiserum was fully satisfactory in serving as an indicator for the detection of a virus-specific enzyme.
The antiserum specifically inhibited the activity of the herpes-induced DNA polymerase but not that of the host-cell DNA polymerase I; indeed the latter was stimulated by the antiserum. The pre-immune serum stimulated both enzyme activities. When the experiments with the infected-cell DNA polymerase preparation were performed under conditions optimal for assay of the host-cell DNA polymerase I, an inhibitory effect on polymerase was still observed Serum added (,l) with the herpes-specific antiserum, but the effect was less marked. These experiments laid a firm basis for the corresponding experiments with dCMP deaminase. Most importantly, they showed that the herpesinduced polymerase could be detected and specifically inhibited by the herpes antiserum even when the polymerase was assayed under conditions optimal for the host-cell polymerase I and not the virusinduced enzyme.
When the dCMP deaminase activity from infected and mock-infected cells was tested in the same way with the same sera, the results shown in Fig. 3 were obtained. The infected-cell deaminase was inhibited by both the herpes antiserum and the pre-immune serum, but the inhibition exerted by the antiserum was about twice that shown by the pre-immune serum (Fig. 3a) . The host-cell dCMP deaminase was stimulated by both sera, the pre-immune serum being twice as effective as the herpes antiserum in this respect (Fig. 3b) . Although these were the responses generally obtained, in one series of experiments with different batches of sera (S. E. Morrison & H. M. Keir, unpublished work) , the infected-cell deaminase was inhibited at all concentrations of herpes antiserum tested, and stimulated at all concentrations of pre-immune serum tested.
Inactivation by heat
The purified host-cell dCMP deaminase is very sensitive to preliminary heating, although the rate of inactivation can be decreased by increasing the protein concentration during the preliminary heating or by first adding 0.125mM-dCTP and 2mM-Mg2+ to the enzyme solution (Rolton & Keir, 1974) . Likewise, the deaminase from infected cells is very heat-labile, and can be protected to some extent by raising the protein concentration or by including 0.125mM-dCTP and 2mM-Mg2+ in the preliminary incubation. However, conditions can be selected that show a distinct difference between the two enzyme preparations with respect to heat-stability. Preliminary incubation of the deaminases at 37°C at protein concentrations that would be expected to favour heat-stability of the host-cell enzyme relative to the infected cell enzyme showed that the former was substantially more sensitive to heating than the latter (Fig. 4) . In the presence of 0.125mM-dCTP and 2mM-Mg2+, the two enzymes were completely stabilized over a 20min period at 37°C.
Activation by dCTP
As with the host-cell enzyme (Rolton & Keir, 1974) , the infected-cell dCMP deaminase was activated by dCTP, but whereas the former was Time of heating at 37°C (min) Fig. 4 was activated maximally at 10pM. When the K,, value for dCMP was determined with dCTP present at these respective optimum concentrations, but in the absence of 2mM-Mg2+, it was calculated (Lineweaver & Burk, 1934) to be 0.91 mm (Rolton & Keir, 1974) for both enzymes; in parallel experiments in the presence of 2mM-Mg2+ the K,,, value was 0.32mM for both.
Activity of dCMP deaminase in the absence of dCTP In the absence of dCTP, the plot of host-cell deaminase activity versus substrate concentration is sigmoid, the dCMP concentration at half-maximum velocity being 4.4mM (Rolton & Keir, 1974) . The corresponding results obtained for the deaminase purified from infected cells likewise showed a sigmoid curve, but the substrate concentration at halfmaximum velocity was 2.6mM.
Inhibition of dCMP deaminase by dTTP
In the presence of 2mM-Mg2+, dTfP inhibits the activity of dCMP deaminase (Rolton & Keir, 1974) . When the enzymes from infected and mock-infected cells were compared, the results in Fig. 5 were obtained. The experiments were conducted at two different concentrations of substrate (dCMP), 3 and 6mM. In all cases the infected-cell deaminase preparation was more susceptible to inhibition by dTTP than was the corresponding host-cell preparation. Vol. 143 
Discussion
The induction of a new DNA polymerase after infection of BHK-21/C13 cells by the virus of herpes simplex is readily detected, partly because the enzyme can be assayed with optimal activity at l0OmM-(NH4)2SO4, at which concentration of salt the host DNA polymerase is inactive. As there was no single outstanding difference in physical or kinetic properties between the dCMP deaminases from herpes-infected and non-infected BHK-21/C13 cells that could be exploited in the same way, it was deemed essential to compare the induction effects and the immunological observations on dCMP deaminase with those established for DNA polymerase by using the same cell-virus system (Keir et al., 1966b) .
The results (Fig. 1) clearly showed (i) that a new DNA polymerase is produced in the infected cells, (ii) that the production of this enzyme is severely diminished or prevented by actinomycin D or cycloheximide, suggesting that prior transcription and translation are necessary, and (iii) that the induction effect can be detected even in the presence of a large contribution to polymerase activity by the preexisting host-cell DNA polymerase I.
The corresponding results for dCMP deaminase (Fig. 2) showed the induction effect less clearly because of the contribution attributable to the hostcell deaminase. Nevertheless a twofold induction, which required prior transcription and translation, was observed. It had been hoped that by using quiescent cells, which contain very low amounts of dCMP deaminase (Rolton & Keir, 1974) , nearly all deaminase activity in the infected cell might be attributable to virus infection alone. However, it is clear from Fig. 2 that the procedures adopted for cell harvesting and virus infection yielded infected and mock-infected cells containing significant amounts ofhost-cell deaminase. Nevertheless the amounts were less than 20 % of the amount found in exponentially growing non-infected cells.
The experiments with the herpes-specific antiserum clearly confirmed the observations made for DNA polymerase by Keir et al. (1966b) , and additionally showed that the virus-induced polymerase could be distinguished from the pre-existing host-cell DNA polymerase I, even when the latter was contributing significantly to the enzyme assay. When the experiments were performed with the dCMP deaminase ( Fig. 3) a rather different pattern of results was obtained. Nevertheless, the infected-cell deaminase behaved quite differently from the deaminase from mock-infected cells: the herpes antiserum inhibited the activity of the former more effectively than did the pre-immune serum (Fig. 3a) . It must be emphasized that total inhibition by the herpes antiserum would not be expected, owing to the presence of host-cell deaminase in the enzyme preparation as well as the putative virus-specific polymerase. The presence of either serum during assay of the host-cell deaminase increased the activity of the enzyme in direct proportion to the volume of serum added (Fig. 3b) . It seems likely that the presence of additional protein in the assay mixture protected the enzyme from heat-inactivation during incubation at 37°C (see Fig. 4 ). It is not clear why the pre-immune serum was more effective in this respect, although a reasonable speculation might be that the host-cell deaminase is remotely related antigenically to the virus-induced deaminase; thus the stimulatory response shown with herpes antiserum in Fig. 3(b) might represent the composite results of marked stimulation tempered with a mild degree of inhibition.
The stimulatory effect shown for both the DNA polymerase and the dCMP deaminase activities is not surprising. We have shown that the activity ofDNA polymerase I ofBHK-21 /C13 cells is increased up to threefold by inclusion of any one of a variety of proteins (native or heat-denatured) in the assay mixture. DNA polymerase I, like dCMP deaminase, is very heat-labile (Shepherd & Keir, 1966 ). Therefore we are inclined to the view that all of the stimulations exerted by sera in the experiments reported here are attributable to a non-specific protection of the enzymes afforded by added protein.
The purified virus-induced deaminase preparation resembled the host-cell enzyme in general properties (Rolton & Keir, 1974) . For example, it was activated by dCTP, inhibited by dTTP, and was heat-sensitive; it also had a similar pH optimum, was not affected by the presence of KCl up to 0.3M, and behaved identically during purification.
There are at least four possible explanations for the enzyme-induction effect observed in these experiments. (i) The increased activity of the deaminase could be due to the production of an activator of it or the removal of an inhibitor in the infected cell. These possibilities seem unlikely in view of the additive response given in the mixing experiments.
(ii) The increase in deaminase activity after infection could be the consequence of a boost in the rate of synthesis of the host-cell enzyme, of a decrease in its rate of catabolism or of both. This possibility is fairly certainly eliminated by the difference in properties between the enzyme preparations before and after infection. (iii) The virus-induced activity represents selective synthesis of a host-coded isoenzyme the gene for which is not normally expressed, but is derepressed by infection. (iv) The induced enzyme is a new protein the amino acid sequence of which is encoded in the viral DNA.
Our experiments do not distinguish between possibilities (iii) and (iv), although the results obtained with the herpes-specific antiserum tend to favour explanation (iv). Corresponding experiments (S. E. Morrison & H. M. Keir, unpublished work), using an antiserum prepared in rabbits against an appropriate extract of BHK-21/CI3 cells, failed to clarify the situation. This antiserum unexpectedly promoted a stimulation of the host-cell dCMP deaminase that was approximately the same as that given by the preimmune serum.
It seems justifiable to conclude that one result of infection of BHK-21/C13 cells by the virus of herpes simplex is the synthesis of a new dCMP deaminase whose properties differ in several respects from those of the host-cell enzyme.
Induction of dCMP deaminase by herpes-simplexvirus infection of African green-monkey kidney cells has been described by Diwan & Prusoff (1968) . The increase was similar to that described here, rising to a maximum at 8 h after infection. There was no detectable change (relative to the non-infected cell enzyme) in the susceptibility of the virus-induced enzyme to inhibition by 0.1 mm-dTTP or 0.04mM-5-iodo-2'-deoxyuridine S'-triphosphate. At these concentrations, and under the limited conditions described, an inhibition of about 70% was observed at 0, 4, 6 and 8h after infection.
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